Animals generated by systematic mutagenesis and routine breeding are often infertile because they lack germ cells, and maintenance of such lines of animals has been impossible. We found a hermaphrodite infertile mouse in our colony, a genetic male with an abnormal Y chromosome lacking developing germ cells. We tried to clone this mouse by conventional nuclear transfer but without success. ES cells produced from blastocysts, which had been cloned by using somatic cell nuclear transfer (ntES cells) from this mouse, were also unable to produce offspring when injected into enucleated oocytes. Although we were able to produce two chimeric offspring using these ntES cells by tetraploid complementation, they were infertile, because they also lacked developing germ cells. However, when such ntES cells were injected into normal diploid blastocysts, many chimeric offspring were produced. One such male offspring transmitted hermaphrodite mouse genes to fertile daughters via X chromosome-bearing sperm. Thus, ntES cells were used to propagate offspring from infertile mice lacking germ cells.
G
enetically modified mice produced by gene targeting and large-scale systematic mutagenesis are invaluable for studying and understanding the functions of various genes. Surprisingly, sometimes more than half of mice thus produced are infertile (1, 2) . If animals have germ cells in their gonads, in theory these cells could be stimulated to develop into mature gametes either in vivo or in vitro (3) (4) (5) . Some mutant, transgenic, and gene-targeted males are infertile because of defective spermiogenesis. The infertility of such males has been overcome by injection of spermatids into normal oocytes (6) (7) (8) (9) . However, if the gonads of animals of interest lack germ cells, cloning would be the only way to propagate such lines. However, at present, the efficiency of producing live offspring from cloned embryos is disappointingly low, Ͻ2% in the mouse (10) (11) (12) (13) . Moreover, successive reclonings by nuclear transfer are progressively less efficient (14) .
It is clear, therefore, that conventional mammalian cloning is not practical to maintain or propagate the genes or mutated genes causing infertility. However, nuclear transfer techniques can now be used to produce nuclear transfer ES (ntES) cells from somatic cells (15) (16) (17) (18) . Such cell lines are expected to have unlimited self-renewal and differentiation capacities, as do conventional ES cell lines derived from normally fertilized embryos. Importantly, ntES cells and their descendants are genetically identical to the original donor cells and should not cause problems of immune rejection when they are used in regenerative medicine (18) (19) (20) (21) . We have shown that these ntES cells are capable of differentiating into all three germ layers in vitro and into sperm and oocytes in chimeric mice (18) . Such cells can also be maintained almost indefinitely without the need to reproduce from successive generations, which is the main problem with repeat cloning. More importantly, cloned mice can be obtained from ntES cell lines by a second nuclear transfer, which can be performed at any time (18) . This technique is very promising for research and applications in reproductive medicine (19) (20) (21) (22) . We show here that ntES cells can also be used as a means of maintaining potentially valuable genomes with an infertile phenotype.
Materials and Methods
Animals. The mutant hermaphrodite sterile mouse used here was discovered in our ICR mouse-breeding colony when it was 3 months old. ICR and B6D2 F 1 strain mice (C57BL͞6 ϫ DBA͞2 hybrids) were used as somatic cell donors, and B6D2 F 1 females were used as oocyte donors. In chimera experiments, normally fertilized embryos of C57BL͞6, B6D2 F 2 or ICR mice were allowed to develop into either normal diploid or artificial tetraploid blastocysts as recipients of ntES cells. Surrogate females and foster females were ICR mice. C57BL͞6 mice are black and ICR mice white, although the coat color of the B6D2 F 2 hybrid is varied but not white.
Establishment of ntES Cell Lines. B6D2 F 1 oocytes were enucleated and then injected with either adult tail-tip cells or cumulus cell nuclei of donor mice, followed by activation using Sr 2ϩ and in vitro culture for 4 days (10, 11, 23) . Cloned embryos reaching the blastocyst stage were used to establish ntES cell lines as described (18) , except that 0.1 mg͞ml adrenocorticotropic hormone was added to the ES cell medium (24) . All of the established ntES cell lines were tested for alkaline phosphatase activity (germ cell marker) and the ability to form embryoid bodies (evidence of totipotency).
Production of Cloned Offspring by Using Adult Somatic Cells and ntES
Cells. Enucleated B6D2 F 1 oocytes were injected individually with an adult tail-tip, cumulus cell, or ntES cell nuclei (10, 11, 18, 25) , activated by using Sr 2ϩ (23) , and allowed to develop to two to eight cell embryos, morulae, or blastocysts before they were transferred to pseudopregnant ICR surrogate mothers.
Production of Chimeric Offspring by Injection of ntES Cells into
Blastocoels of Normal and Tetraploid Blastocysts. ntES cells were introduced into the blastocoel of a blastocyst (3.5 days postcopulation) of B6D2 F 2 , C57BL͞6, or ICR mice using a piezoactuated microinjection pipette (18) . Tetraploid embryos were produced by the electrofusion of two-cell embryos (26) . The strains of the mouse that provided host blastocysts and the females that were mated with chimeric offspring were chosen so that germ line transmission of ntES cell genes could be easily recognized from the coat colors of the offspring.
Examination of the Testes and Chromosomes of Donor Mice, ntES
Cells, and Chimeras. Gonads of mutant and chimeric mice were fixed in 4% paraformaldehyde in PBS for 12 h and embedded in glycol methacrylate. Serial cross sections were stained with hematoxylin for light microscopy. Chromosomes from ntES cells and tail-tip cells cultured for Ͼ1 week were stained by using a mouse Y chromosome-specific probe (Trans Animex, Hokkaido, Japan) and spectral karyotyping with FISH chromosome painting techniques (Spectral Imaging, Vista, CA) according to the manufacturer's protocol.
PCR Analysis of Genomic DNA. The microsatellite markers D1Mit46, D2Mit102, and D4mit37 were amplified by using primer pair sequences obtained from the National Center for Biotechnology Information (www.ncbi.nlm.nih.gov). DNA was extracted from tail or ear biopsy samples. PCR was carried out for 30 cycles, and products were separated on 3% agarose gel before visualization.
Results
Conventional Cloning. We first tried to produce clones from the infertile hermaphrodite ICR mouse (Fig. 1a) . The gonads ( (Table 1) . Similarly, none of the enucleated oocytes receiving tail-tip cell nuclei from a normal ICR male and female developed into live offspring. Cumulus cell nuclei of B6D2 F 1 females, on the other hand, produced six live cloned offspring (2.6%) ( Table 1) .
Cloning Mice with ntES Cells. We next tried to clone mice using an ntES cell developed from cloned blastocysts. Four types of the ntES cell lines listed in Table 2 were produced from tail-tip and cumulus cells. They were all positive for alkaline phosphatase ( Fig. 1f ) and able to form embryoid bodies in vitro (Fig. 1g) . Table 3 summarizes the results of our attempts to clone mice using these ntES cells. When ntES cell nuclei of the hermaphrodite ICR mouse were injected into enucleated oocytes, many developed into morulae or blastocysts, but none developed to term; only large placentas were seen in the uteri. Whereas ntES cells from normal ICR males failed to produce live offspring by nuclear transfer, those from a normal ICR female and a B6D2 F 1 female mouse produced one and two live offspring, respectively. In another series of experiments, we injected ntES cells into blastocoel of cloned blastocysts to increase the number of inner cell mass cells in each blastocyst. None of such blastocysts produced live offspring (data not shown). Only placentae without fetuses were seen at 19.5 days postcopulation.
Production of ntES Cell-Derived Offspring by Using Diploid and
Tetraploid Chimeras. Table 4 summarizes a series of experiments in which ntES cells of the sterile ICR mouse were transplanted into the blastocoel of diploid and tetraploid blastocysts to produce chimeric mice. When these ntES cells were transplanted into tetraploid blastocysts, most tetraploid cell could develop into placentas but not into fetuses, and the resulting offspring almost exclusively were comprised of normal (Table  4 , 2n) cells of ntES origin, called tetraploid complementation (26, 27) . We obtained 25 chimeric mice via the diploid approach and two chimeric mice from tetraploid method ( Table 4) . We selected 10 diploid and 2 tetraploid chimeric offspring and mated them with ICR females or males to assess germ-line transmission from the albino hermaphrodite ntES cells. Several weeks later, one diploid chimeric male with a low albino coat color contribution sired albino pups (Fig. 2a) . Because the albino gene is recessive, and the B6D2 F 2 mouse has no albino gene, this result indicates that ntES cells derived from an infertile mutant were able to contribute to gametogenesis. Eight such albino pups of 190 from 14 litters were obtained from this chimeric male; 3 were cannibalized by their mothers. All others were females and proved to be normally fertile when they matured. By contrast, two diploid chimeras with high albino color coat contributions and all tetraploid chimera mice from ntES cells were infertile (Fig. 2 c-h ). Their testes were small ( Fig. 2 e and f ) and had no differentiating spermatogenic cells (Fig. 2 g and h) . It should be noted that these were true males, not hermaphrodites. PCR analyses of microsatellite markers in genomic DNA from the ear of the original hermaphrodite mouse, from ntES cell lines (Fig. 3a , O1-O4), and a tetraploid chimeric mouse (Fig. 3a , TC) confirmed their genetic identity. Polymorphic markers D1Mit46, D2Mit102, and D4mit37 were present in genomic DNA from the sterile hermaphrodite mouse, from the ntES cell lines and the tetraploid chimeric mouse, but differed from those of the oocyte recipient strain B6D2 F 1 (Fig. 3a, F 1 ). Chromosome painting of ntES cells with a mouse Y chromosome-specific probe (Fig. 3c ) and spectral karyotyping FISH painting (Fig. 3d) showed that the original hermaphrodite mouse was a male with an abnormal Y chromosome. This abnormal Y chromosome was also found in the both tetraploid chimeric mice studied (Fig. 3b) . In a control experiment, we also obtained eight chimeric mice from ntES cells of a B6D2 F 1 female. Three of four female chimeras showed germ-line transmission of ntES cells after being mated with an ICR male.
Discussion
The hermaphrodite ICR mouse that we discovered accidentally had neither growing oocytes nor multiplying spermatogenic cells in its gonads. Genetically, it was a male with an abnormal Y chromosome ( Fig. 3 c and d ). We were unable to clone this male using the conventional somatic cell nuclear transfer. Even though the ntES cells from the cloned blastocysts were also unable to produce live offspring after the re-nuclear transfer, they contributed to the body of the offspring after being injected into the blastocoels of normal (Table 4 , 2n) and tetraploid (Table 4 , 4n) recipient blastocysts. One diploid chimeric male transmitted most of its genes to the next generation via the ntES cells (Table 4) . Unexpectedly, two tetraploid chimeric mice, which consisted mostly of ntES cell originating diploid cells with abnormal Y chromosomes, were proven to be phenotypic males that were infertile but not hermaphrodites. However, they also lacked developing spermatogenetic cells, although the seminiferous tubules contained Sertoli cells (Fig. 2 d, f, and h) . Thus, neither cloning nor tetraploid complementation chimera construction could rescue the lineage of the original infertile hermaphrodite male. Until today, cloning mice with somatic cells has been successful only for hybrid strains. As reported here, ntES cell lines can be easily established in an outbred (ICR) strain from which cloned mice were first obtained by second nuclear transfer. Because even ntES cells from inbred cloned blastocysts are able to multiply indefinitely in vitro (28) like ordinary ES cells, we should be able to maintain abnormal Y chromosomes in the ntES cell lines or in live animals by using the tetraploid complementation method. We believe that, as cloning techniques continue to improve, we will be able to maintain any infertile lines of both males and females by using their somatic cells. Recently, both oocyte-and sperm-like cells were produced from ES cells (29) (30) (31) . It may therefore be possible to produce functional oocytes and spermatozoa from somatic cells using the ntES technique.
It should be noted that one low-coat-color diploid chimeric mouse transmitted ntES genes to the next generation via the X chromosome-bearing spermatozoa, but we failed to obtain male offspring from this chimeric mouse. In other words, we failed to transmit the abnormal Y chromosome to the next generation. Although we did not analyze the details of this Y chromosome, it must have had important genes for spermatogenesis, such as Sry or Eif2s3y (32), because spermatogenesis occurred in chimera's testes. In XYY mice, spermatogenesis often fails because of sex chromosome asynapsis rather than Y gene dosage (33) . Because our ntES cells each had only two sex chromosomes, they might have completed normal synapsis during spermatogenesis. It is therefore possible that the chimeric mice produced abnormal Y chromosome-bearing spermatozoa from spermatogenic cells of ntES cell origin. There is no evidence that all of the male fetuses carrying the abnormal Y chromosome died before birth. Due to the low rate of germ line transmission of ntES cell in the chimeric mouse, the number of offspring is too small to make any inferences, and further studies are required. If mutant mice have lost important genes for gametogenesis, propagating infertile animals is possible only by successive cloning using somatic cells. Cloning mice by nuclear transfer has been successful in hybrid strains, but its success rate (the proportion of live offspring developed from reconstructed oocytes) has been Ͻ2%, regardless of gender and type of donor cells (12) . Cloned embryos of both inbred and outbred mice may reach term, but those that survive birth and beyond are very rare, with the exception of strain 129 (12, 13) . We found that ntES cell lines were readily established from cloned blastocysts not only of hybrid mice but also of outbred (ICR) and inbred mice (18, 28) (Table 2 ). This raises the question of how ntES cell lines are established from cloned embryos that are otherwise destined to die (34) . On average, 30-50% of nuclear transfer oocytes develop into blastocysts, but most such cloned embryos die soon after implantation (35) , perhaps because of incomplete genomic reprogramming of donor cell nuclei (36, 37) . It is not inconceivable that some defective epigenetic errors in cloned embryonic cells are corrected during transformation into ntES cells. Alternatively, many of the epigenetic errors that affect embryonic viability may be related to the development of the placenta (38) , which, of course, is not needed in the establishment of ntES cell lines. In other words, normal-looking pluripotent ntES cells, derived from embryos otherwise destined to die, might have the ability to differentiate into entirely normal somatic cells (39) . This should be taken into consideration for the application of ntES cells for regenerative medicine. It is known that parthenogenetic or androgenetic embryos never develop to full term due to abnormal imprinted gene expression (40, 41 ), yet their cells are able to survive with normal embryonic cells as chimeras to adulthood (42) (43) (44) . They can also create ES cell lines for regenerative medicine (45 
